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States in Na were yopulated using the B(' 0, 0.) reaction. Excitation functions were
measured in the energy range E, = 15.4-17.7 MeV for 47 excited states in +Na from 0 to
14 MeV excitation. Ar~ular distributions were measured at a bombarding energy of 46 MeV
for a number of the excited states and were observed to be symmetrical around 90' (c.m.).
Fluctuation analyses of the excitation functions were made, and the results indicated a statis-
tical compound-nucleus process for the reaction mechanism. Hauser- Feshbach calculations
gave good agreement with the data and provided strong evidence for proposed high-spin
members of the ground-state rotational band, and the E' = 0+, T= 0 band in +Na.

NUCLEAR REACTIONS t B( 60, u), E&« ——40 to 46 MeV, measured o (E) for
e~ ——7'; E&6 =46 MeV, measured cr(8); +Na deduced levels. Fluctuation analy-
sis. Hauser-Feshbach calculations and suggested J values. Enriched targets.

I. INTRODUCTION

Among the interesting-features of heavy-ion
reactions, the strong selectivity observed in the
population of states in the residual nuclei, ' usually
of high spin, ' has led to possible new forms of
spectroscopy inaccessible to light-ion reactions.
This selectivity of high-spin states is a feature of
heavy-ion reactions due to the high angular mo-
mentum available.

As is well known, there has been much specula-
tion about the different reaction mechanisms in-
volved. Supporting evidence for a direct or semi-
direct mechanism has been reported for the "C-
("C, o.')"Ne reaction' populating two of the K =0'
bands. On the other hand since the early studies of
these reactions, ' ' strong evidence has been pre-
sented for a statistical compound-nucleus reaction
description, particularly for the low-lying states.
The recent report of Greenwood et al, .' dealing with
the "C("0,o!) reaction gives a good example of the
compound-nucleus statistical mode of decay and
shows the usefulness of Hauser-Feshbach calcula-
tions in describing such data. Another example of
such calculations has been given for the energy-
averaged angular distributions of the "C("0,o.')
reaction. 9

The level properties of the low-lying states in
"Na have been investigated successfully by means
of y-ray decay studies, ' lifetime measurements, "
and one-" "and two-nucleon" transfer reactions.
Some studies of the states of "Na have been made
by means of heavy-ion reactions" "using the

"C+"N entrance channel, and suggestions"' "
have been made for some of the high-spin members
of the K= 3', T=0;K=O', T =0 andK=i, T =0
rotational bands. None of these experiments pre-
sent energy-averaged spectra, and consequently
the observations are subject to the strong and
rapid fluctuations with energy typical of heavy-ion
reactions.

In the present study we have measured excitation
functions for the "B("0,n)"Na reaction in order
to average over a wide range of bombarding ener-
gies and to compare our results with fluctuation
analyses and Hauser-Feshbach calculations. In
addition we have measured angular distributions
in order to detect possible asymmetries around
90' (c.m. ). Data for the competing ("0,d) and
("0,'Li) reactions were also measured to com-'
plete the Hauser-Feshbach analysis and are dis-
cussed elsewhere. "

A comparison of our data with Hauser-Feshbach
calculations and shell-model predictions" allows
us to suggest strong candidates for the high-spin
members of the ground-state rotational band and
the K =O', T =0 band.

II. EXPERIMENTAL PROCEDURE

Self-supporting, 95% enriched, "Bfoils with
thicknesses ranging between 10-30 p, g/cm' were
bombarded with "O ions from the Oak Ridge tan-
dem accelerator. The target thicknesses were
measured by elastic scattering of 24-MeV "O"
ions at a laboratory angle of 7 . The 4', 5', 6',
7', and 8' charge states of the scattered "0 ions
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were detected in a magnetic spectrometer, and a
Rutherford scattering cross section was assumed.
A second method of measuring the target thicknes-
ses was also used, namely, by ranging the foils
with a calibrated "'Am a source. A typical target
thickness was I'I p. g/cm', and agreement within

10% was found between the two methods of deter-
mining the thickness.

The reaction products were detected at the focal
plane of an Enge split-pole magnetic spectrograph
by means of a 60-cm-long position-sensitive pro-
portional detector of the Borkowski and Kopp

type. ""A more detailed description of the detec-
tor and electronics is given elsewhere. " An alu-
minum foil 7 mg/cm' thick was placed in front of
the detector at forward angles to avoid the elastic
"0peak during the ("0, o!) measurements. The
data were recorded in 1024 channels of a multi-
channel analyzer and dumped onto magnetic tapes
for analysis. The peaks of the ("0, o.') spectra
were stripped with the aid of a light-pen system
interfaced to a PDP-11 computer.

Since carbon buildup during bombardment can be
a severe problem due to the large "C(' 0, o.'} cross
section, it was minimized by cold trapping on the
entrance beam line and between the scattering
chamber and the diffusion pump. In some cases it
was necessary to correct our spectra for a parti-
cles from the "C("0,o.) reaction, which was pos-
sible as each "B("0,a} run was followed by a
"C("0,a) run under the same conditions.

III. RESULTS

Excitation functions have been measured for many

of the different states populated by the "B("0,o.')-

"Na reaction. An interval of bombarding energy
from 40 to 46 MeV was covered in 200-keV steps
at a laboratory angle of 7'. Figure 1 shows a
typical spectrum taken at a laboratory energy of
44 MeV and angle of 7'. The experimental resolu-
tion [ full width at half maximum (FWHM)] is of the
order of 100 keV and is limited by the target thick-
ness. The wide range of excitation energies (E,
=0 to 14 MeV in "Na) which can be observed si-
multaneously with the detector is evident. The
strong structure observed, as well as the selectiv-
ity of the reaction, indicates probable population
of high-spin states. In this 14-MeV interval of ex-
citation energy we have been able to analyze 47
states. Also shown in Fig. 1 are the known mem-
bers of the ground-state rotational band with re-
spective spin and energies (MeV) of 3' (0.0), 4'
(0.89), and 5' (1.53), andthe suggested 6' (3.71)""
'I' (4.52),"'"and 8' (8.60}"members. In the
present paper we give evidence that the 8.6-, 9.8-,
and 13.6-MeV levels shown are probably the 8', 9',
and 10' members of the ground-state rotational
band.

In order to follow the shift with bombarding
energy and angle of the different +-particle
groups, a computer program was used to calculate
the expected peak channel positions as a function
of the excitation energy in the residual nuclei for
a particular choice of reaction, bombarding ener-
gy, angle, magnetic field setting, and focal-plane
setting after making a careful calibration of the
detector and electronics by stepping &-particle
groups from a '~ Cm source along the detector.
Values so determined for the level energies of the
known state generally agreed within 25 keV with the
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FIG. 1. A typical B( O, a.')+Na spectrum measured at a bombarding energy of 44 MeV and a laboratory angle of 7 .
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TABLE I. Cross sections for the B+ 0 0. + 2Na reaction at 10' (c.m. ).

E
(MeV)

(do(10')/dQ), ~ (do(10')/dO)H F
(mb/sr) (mb/sr) I'~ (keV) I'z (keV)

0,0
0.583
0.891
1.528
1.937
1.952
1.984
2.211
2.572
2.969
3.059
3.521
3.708
3.944
4.466
4.522
4.708
4.720
5.117
5.165
5.317
5.44
5.605
5.83
5.858
5.938
5.953
5.995
6.185
6.247
6.557
6.582
7.008
7.081
7.367
7.413
7.595
7.633
7.884
7.942
7.963
8.026
8.157
8.198
8.367
8.417
8.602
8.674
9.008
9.051
9.312
9.360
9.527
9.582
9.859
9.908

1O.4'
1O.61 '

3+ a

1+ a

4+ a

5+
]+
2+ v=1 ~

3+ a

] a

2 a

3+ a

2+ a

3 a

(6') '
1+ a

(4-) b

(7')
(5') b

p+ ~4+
(4+) c

1+,2+ 3+ 4+ ~ia
3-~(0-, 1-,2-) a

1+ 2+ .
(5+) c

0 ~4+
(5 )'
1+,2+ '

(6+)
(P+ 1+ 2+ 3+ 4t) a

(8+)b, c, d

(7+) cyd

(7+) cid

(9+) cyd

(7 )'

3+ a

0'a
3+ a

3+ a

p+ a

p+ a

p+ a

] a

1 a

(1+)
a

(3+)
(1') '
(1-)b

(3')
(p+) b

(3+) b, d

(3+)

0.091
0.082
0.104
0.102

0.168

0.019
0.051
0.055
0.046
0.053
0.108
0.060
0.053
0.253
0.258

0.138

0.208
0.082

0.21

0.117

0.116

0.391

0.273

0.444

0.267

0.257

0.158

0.155

0.121

0.49
0.11

0.575

0.403

0.152

P.611

0.267
0.367

0,163
0.050
0.200
0.355

0.125
0.015
0.055
0.100
0.050
0.080
0.300
0.030
0.120
0.450
0.245

0.110

0.110
0.063

0.20

0.125

0.21

0.275

0.30

0.305
0.300

0.47

0.220

88.8
98.7

111.1
111.1

98.7
111.1

98.7
111.1
111.1
111.1
148.1
98.7
98.7

111.1
126.9

148.1
126.9

98.7

98.7

88.85

98.7

98.7

98.7

98.7
88.8
98.7

98.7
98.7

126.9

111.1
98.7

70.8
315.6
169.2
217.2

290.4
154.8
50.4

175.2
120.0
271.2
283.2

63.6
56.4

218.4
648.0

56.4

135.6
231.6

80.4

80.4

80.4

80.4

294.0

96.0

340.8
64.8

190.8

91.2

90.0
45.6
50.0

206.0
112.8

112.8

274.8

58.8
69.6
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TABLE I (Continued)

8

(MeV)
(do (10')/dQ) exp (do(10 )/dQ)H p

(mb/sr) (mb/sr) I'~ (keV) I'„(keV)

10.87'
ii.2O'
ii S9'
11.66 e

11.82 8

12.46'
12.62 8

12.87 ~

is.oi '
1S.58'
iS 75'

(8 )'
(9+) c ~ d

(10+) c,d

(0')

(3+) d

0.331
0.333
0.266
0.320
0.442
0.355
0.450
0.325
0.320
0.478
0.239

0.280

0.350

0.260

98.7
88.8
98.7

111.1
111~ 1
111.1

98.7
98.7

111.1
111.1
111.1

45.0
45.0
82.8
45.0
78.0
73.0
42.0
52.0
53.0
85.2
60.0

' References 12-14.
b Reference 15.' Spin included in the Hauser-Feshbach calculation (see discussion in text).

Suggested by the present experiment.
e Excitation energies from the present experiment.

values reported in Refs. 12-14, a difference well
within our experimental resolution of about 100
keV.

Table I summarizes our results for the different
n-particle groups. The excitation energies of
column 1 are those of Garrett etal.""up through
9.908 MeV. Above 10 MeV our measured excita-
tion energies are given in the table. The differen-
tial cross sections averaged over the interval
40-46 MeV from the measurements at 7' (lab) are
listed in column 4. The uncertainty in the absolute
cross sections varies from about s15% to +25%.
In column 5 of Table I we present the results of
the Hauser-Feshbach calculations for the differen-
tial cross sections for some of the levels studied
which will be discussed in Sec. V. The coherence
widths which were calculated by the method of
counting maxima, as well as by autocorrelation-
coefficient measurements are listed in columns 6

and 7, respectively, and a further discussion of
these widths is presented in Sec. IV. The spins and

parities of the known states in "Na, as well as the
quantum numbers for the various rotational bands,
are taken from Refs. 12-15 and are listed in col-
umns 2 and 3, respectively, except for those states
whose values are suggested in the present paper
and which are distinguished by the footnote c.

Figure 2 shows the measured excitation functions
for some of the more interesting states in "Na as
a function of the incident energy in the center-of-
mass system. Plotted on the left side of Fig. 2

are the known 3', 4', and 5' members of the
ground-state rotational band (K' = O', T =0}as well
as the possible candidates for the 6' to 10' mem-
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FIG. 2. Excitation functions for some of the excited
states in Na plotted as a function of the center-of-mass
energy. Notice that the vertical scale is linear and dis-
placed from zero.
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bers to be discussed in Sec. V. On the right side
of the figure are those known or suggested mem-
bers for the K" =O', T =0 band up to the 9' state.
The remaining excitation functions are for strongly
excited states at 7.41, 10.61, and 11.82 MeV.

As can be seen from Fig. 2, we observed the
typically strong and rapid fluctuation of the cross
sections with energy from which the distribution
about the average value can be analyzed using
simple statistical theory. '' ' In a number of the
excitation functions strong structure was observed
in the general energy region between 16 and 17
MeV (c.m. ). The fluctuation analysis discussed
in Sec. IV also indicated a significant cross cor-
relation between the excitation functions for some
of the levels.

Angular distributions for many of the observed
levels were measured at a laboratory energy of
46 MeV. In Fig. 3 we show a typical spectrum for
the "B("O,n) reaction for an energy of 46 MeV

and a laboratory angle of 120' (-140'c.m. ). The
experimental resolution is of the order of 80 keV
and much of the structure observed at forward
angles is present. The various excited states are
identified by the excitation energies of Table I.
The length of the detector limits the region of ex-
citation energy covered to a smaller interval than

for the spectra at forward angles because of the
strong shift in energy of the various n-particle
groups with angle.

Figure 4 shows several of our measured angular
distributions. The left side of Fig. 4 displays the
known and suggested members of the ground-state
rotational band up to the 10' state, whereas the

right side shows those observed for the K' =0',

T=O band up to the 9' member. The remaining
states shown at 9.31, 7.41, and 5.11 MeV are some
of the states prominently excited.

The estimated error in the absolute cross sec-
tions shown in Fig. 4 varies from 20 to 85~$ de-
pending on counting statistics, background sub-
traction, and target-thickness uncertainty. Of
particular concern are the points at 90' lab
(-110' c.m. ) in which we assume a larger uncer-
tainty because at this angle it was impossible to
completely correct for the large kinematic shift
by moving the focal-plane position. The data are
clearly symmetric around an angle of 90' (c.m. )
consistent with a compound-nucleus process. The
curves drawn through the data points are the result
of Hauser-Feshbach calculations discussed in Sec.
V.

Although the observed angular distributions pro-
vide strong evidence for a compound-nuclear reac-
tion mechanism, they were measured at a single
energy and might be affected by fluctuation phe-
nomena. However, Fig. 5 shows the angular dis-
tribution for the sum of the levels observed from
0.0 to 6.6 MeV, as well as for the sum from 0.0
to 10 MeV, although in this case data were only
available at forward angles for the states above
6.6 MeV. Also shown, normalized to the data, is
the function1/sine, which is the expected energy-
averaged angular distribution for a statistical
compound-nucleus model involving many large an-
gular momenta. " It is interesting that the points
for the sum over the larger region of excitation
energy, including more high-spin states, show
less fluctuation than those in the lower portion of
the figure.
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FIG. 3. A B( O, a) Na spectrum obtained at a bombarding energy of 46 MeV and a laboratory angle of 120 .
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100

B( 0 a) Na

b
= 46 MeV
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IV. FLUCTUATION ANALYSIS

Comparison of the excitation functions with fluc-
tuation analysis can determine if the observed ex-
perimental fluctuations are compatible with a sta-
tistical description, and if so, can be used to ex-
tract the average properties of the participating
compound states. Of particular importance is the
measurement of the coherence width of the fluc-
tuations which equals the average width I of the
compound states.

The theoretical formulation of Ericson" and
Brink and Stephen'4 was used to analyze our data,
mainly because of the simplicity with which the
various quantitative results can be extracted from
the data. In particular, the comparison between
predicted and measured probability distributions
is useful to determine the possible direct contri-
bution to the reactions as has been pointed out by

the work of Halbert, Durham, and van der Woude. 4

The predicted probability distribution for the ratio
x =(7/((7) has the form

1-y~ 1-

where J„,is the cylindrical Bessel function with
imaginary argument, o refers in our case to the
measured center-of-mass differential cross sec-
tion at the energy 6, and ((7) is the differential
cross section averaged over the interval of bom-
barding energy. The quantity y~ is the ratio of o~,
the direct component of the reaction cross section,
to the total reaction cross section. The number of
effective channels N contributing to the reaction is
also known as the fluctuation damping coefficient. "

Our results for the probability distributions are
presented in Fig. 6. The histograms, normalized
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FIG. 4. Angular distributions for some of the excited
states in +Na measured at a bombarding energy of 46
MeV. The solid lines are the result of Hauser-Feshbach
calculations discussed in Sec. V in the text.
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to unit area determined from the experimental
points, are compared with theoretical distributions
P„(x) calculated under the assumption that the di-
rect component is zero, i.e., y~ =0. Adequate fits
were obtained to most of the experimental histo-
grams seen in Fig. 6. Exceptions are the 3'gmund
state, which is especially poorly fitted by either
P„or P„, and in fact could not be fitted well by any
combination of y~ and N, and the 3.718-MeV (6')
state. The excitation function of the 3.718-MeV
state shows a very broad and large peak at about
16.7 MeV, as well as severe damping of the fluc-
tuations, causing an unusual probability distribu-
tion. Similar anomalies have been observed in

previous analyses of other reactions (see, e.g.
Ref. 4}.

The extracted values for N, which are upper lim-
its to the real number of effective channels, range
from 6 to 25 for the levels studied. %'ith some ex-
ceptions, there is a general tendency for N to in-

Ex= 9.86
jl 'x (9+)

o&

(8+)
P(x) "

2
i Ex =4.52 i Px =12.82

(7+)
I y (9+)

p(x)1 l) g, &p i I(
I igj

Ex=371 fit I Ex=903
I (8+), ',

I
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p( ) 1
j~ 'i~pj

oP". ~~
(LI~ 5+ TPy i
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I 79) Ex=0893,+I, Ex=1.98
P( ) i(

1
[ 4+ I( Q T 3+

p j jEx=O2- 20
I Ex =0.58

3+ 1+
I I

j] y~, j
(J' ~IP

I/
'(, P1O,I' 'Y
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&ao &cr&

10B (16O f2) 22 N 0

FIG. 6. The measured and calculated probability dis-
tributions. The histograms were obtained from the ex-
perimental excitation functions, and the solid curves are
the statistical predictions obtained from Eq. (1) in the
text calculated assuming a zero direct component.

crease with the spin of the final nucleus. The
maximum value for N is expected to occur at 90'
in the center-of-mass system. Assuming that all
the different magnetic substate components of the
cross section contribute equally, an approximation
for the maximum value of N is —,'[(Bi +1}(2i +1)
x (2I'+1)(2$'+1)], where I and i are the spine in

the entrance channel andI' andi ' are those in the
exit channel. " In the case of the "C("0,n) reac-
tion, the value of N near 8, =10' has been esti-
mated by~8 and Richter to be half the maxi-
mum value (see Ref. 8). Since the amounts of an-
gular momenta involved in the present "B('80, n}
experiment and in the "C("0,a) experiment of
Greenwood etal. ' are very similar, we used the
same estimate to obtain expected values for N be-
tween 5 and 36 (for spin values of 1 through 10) in
reasonable agreement with those obtained from the
probability distributions which correspond to data
measured at 10' (c.m. ). One could determine
equally good fits to the probability distributions for
various choices of N and nonzero values of y~.
However, large y~ requires unreasonably small N

values, and thus the distributions in Fig. 6 contain
no convincing evidence for a direct contribution to
the reaction process.

Another informative characteristic of the excita-
tion functions for determining the possible pres-
ence of nonstatistical components to the reaction
are the cross-section auto- and cross-correlation
functions. In addition, the autocorrelation coef-
ficients may determine the coherence widths I' of
the compound-nucleus states involved. Autocor-
relations were determined by the relation

((r(E)o (E + 8))
((7(E))((7(E+ E ))

(2)

where o(E) is the measured differential cross sec-
tion at energy E, ~ is the energy interval between
data points, and from this we determine I', the
average coherence width. Our extracted I' values
for all 47 states based on the usual procedure of
fitting a Lorentzian to the measured autocorrela-
tion function are shown in column 7 of Table I and
are labeled I'„. These values have been corrected
for the effects of energy resolution and finite sam-
ple size in the manner described by Halbert,
Durham, and van der Woude. 4 Although the inter-
val between data points was comparable to the ex-
tracted widths, these values should be at least an
upper limit to I'. The values fluctuate as might be
expected from both the experimental conditions and

a possible dependence on the spin and excitation
energy of the state in question, '"but are in rea-
sonable agreement with values obtained by similar
analyses in this mass region. "'" If one averages
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(c (E)o (E+~))
(&„(E))((x„(E+ e })

(3)

where c stands for the energy interval concerned,
and e and &' represent any two different levels po-
pulated. Figure '7 presents the measured cross
correlation coefficients for e =0 for all 47 levels
studied, as well as for 18 levels which showed

broad structure between 16 and 17 MeV (c.m. } in
the excitation functions (see Fig. 2). According
to the statistical model the different channels , e'
should be uncorrelated, meaning that the probabil-
ity distributions should be symmetric Gaussians
about the value R, ,(o., n'} =0. The histogram at the

top of Fig. 7 indicates essentially no correlation
between the excitation functions as a whole. How-

ever, the bottom histogram indicates the presence
of some correlations between the excitation func-
tions which display broad structure.

The general comparison of the data with the fluc-
tuation analyses is consistent with a compound-nu-
clear reaction mechanism. However, it is impos-
sible to rule out the possibility of a small direct
component. The fact that there is some correlated
structure between center-of-mass energies of 16

over the observed l„values to obtain an average
width associated with the average participating
compound-nuclear states, a value of 140 keV is
obtained. However, individual values in Table I
fluctuate widely around this average.

Another method of determining I' is that of count-

ing the number of maxima M in the interval I of
the excitation function. The average width is then
I' = Ib„/2M and has been used in several analyses
of cross sections (see, e.g. Ref. 4). The main un-

certainties in this method come from the uncer-
tainty in the number of maxima M and the value of
the constant b~ which, however, includes the ef-
fects of finite energy steps. For our case in which

e = 77 keV, the interval between data points in the
center-of-mass system, and N equals about 10,
we used a value of 0.77 for b~ obtained from Ref.
28 to determine the I'„values listed in column 6

of Table I. The average (I'„) is tlfen 107 keV,
again in reasonable agreement with systematics
in this region of mass and excitation energy. " The
difference between the values determined by the
two techniques is also similar to that found in other
studies (see, e.g. Ref. 4). However, the deviation
of the individual I' values about the average is a
good deal smaller using the method of counting
maxima, which in the present case should be the
more reliable method of determining I'.

Possible cross correlations between the excita-
tion functions for different excited states were in-
vestigated by the relationship' "

V. HAUSER-FESHBACH CALCULATIONS

Since the observed symmetry of the angular
distributions and the results of the fluctuation
analyses suggest a predominantly compound-nu-
cleus reaction mechanism for the present reac-
tion, we decided that a Hauser-Feshbach analysis
of the data was justified. Hauser-Feshbach calcu-
lations are complicated since a highly excited
nucleus can decay through many energetically open
channels, and the flux emitted in each exit chan-
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22 Na

FIG. 7. Results of the cross correlation coefficient
plotted as a probability distribution normalized by the
factor C&-0(0.' A ) = Re 0(D G )I ~Re 0(G')R 0(A )] ~ The
top histogram was obtained from all 47 levels observed,
and the bottom one includes only the 18 levels which in-
dicated broad structure in the excitation functions be-
tween 16 and 17 MeV (c.m.).

and 17 MeV (especially for the levels at 0.58, 1.53,
1.98, and 3.'ll MeV in Fig 2). could be an indica-
tion of an entrance-channel effect. Such effects
should also be seen in the elastic scattering at the
same energies. However, they could also be de-
scribed by a statistical means as intermediate re-
sonances of the type discussed by Moldauer. "
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57.215 Ex

10'

2SMg+p

F&G. 8. The compound-nuclear system 6A1 and the channels energetically open to decay. The arrows coming out of

the compound system represent the various channels included in the Hauser-Feshbach calculations.

l„(L~+1)=2M~R~'(e~ C„}k', - (4)

where M is the reduced mass, R the channel

radius, and C and e the Coulomb barrier and
center-of-mass energy available in channel 0., re-
spectively At low e.xcitation energies (0 —10 MeV)
the heavy-ion channels (&+"Na, 'Li+ "Ne, "0
+"B, "C+"N) can carry away a substantially
greater amount of angular momentum than the P
and d channels, meaning that at these excitation
energies the contribution of the heavy-ion channels
is the most important. However, at higher excita-
tion energies in the residual nuclei many of these
channels are beginning to close and the competition
will be only between the a, d, p, and n channels.
Keeping these criteria in mind, we include in the

nel depends on the angular momentum available
and on the amount of excitation energy left in the

final nucleus For the ioB+ 'O Al system the

most important exit channels are presented in Fig.
8. At an incident energy of 17.7 MeV (c.m. ) the

compound nucleus ' Al is formed with an excitation
energy of 37.2 MeV, and primarily in high-spin
states in part due to the large entrance-channel
spin of 3'. At this excitation energy there are many

open channels for the decay and from energy con-
siderations alone the most favored ones would be

the p, n, d, and & channels. However one cannot
exclude the contribution of the other channels par-
ticularly at low excitation energies of the final nu-

clei where angular momentum effects play the

most important role. Fig. 9 shows a plot of the

grazing angular momentum for the different chan-
nels a obtained from the semiclassical relation"

Hauser-Feshbach calculation up to 10 exit chan-
nels, and these are represented by the arrows
pointing out of the compound system in Fig. 8.
Hauser-Feshbach calculations were performed
with the computer code H&LG&" expanded to allow
calculations with many partial waves, large radii,
and up to 10 reaction channels.

The total and differential Hauser-Feshbach cross
sections are of the form:

2J+1~ (2I+1)(2i+1)

do„„,(8) X' ~ 1

dQ 4 ~~, (2I+1)(2i+1}

(6)

where unprimed and primed quantities refer to the
entrance and exit channels, respectively. Each
channel n' has orbital angular momentum I,

' and

channel spin s' =I'+i ' leading to a total angular
momentum J. The spins I' and i' of the two reac-
tion products are denoted by I and i in the entrance
channel. The optical-model transmission coef-
ficients T~~, were calculated without any spin de-
pendence. The angular coefficients A~(8) have the



STUDY OF THE "B(''0, &)"Na REACTION 126'?

form:

At(8)(lsl's'i J)=QP/(cos8)(2J+ I)'(2L+1)(2L'+ I)(-)' * (LOLOiLO)(L'OL' OSLO)W(LL JJ;Ls)W(L'I'JJ;Ls'), (7)

in terms of Clebsch-Gordan and Racah coefficients
with P~(cos8) being the Legendre polynomial.

The denominator G(J}of Eqs. (4) and (5) includes
all decay modes energetically open to the compound
nucleus and has the form

The parameter U can be written as U =e- 6 and
U =at' where 4 and t are the pairing energy cor-
rection and nuclear temperature, respectively.

12

O

6

1

12C+ 14N 108+160 26A) ( 37 2 )
C+' 0 28S; ~36 5

Ee =46 Mev160

5—6 20
p+ 25Mg

Li+ Ne d+24Mg60+' 8

0
0 10 15

E„(MeV)
20 25

FIG. 9. A plot of the semiclassical grazing angular
momentum calculated from Eq. (4) of the text for some
of the more important channels included in the Hauser-
Feshbach calculations.

Q(J) = Q Q Tt«fll~ll
~tt)tie I/ g —P

t &max
+ g p(E~ I ~ w )T+etir&trdf

I"x" c

' (8)

where the double primes refer to all possible exit
channels. The sum from E„=O to E, is over dis-
crete states, and the integral is calculated for
continuum states derived from the level density
p(e, I, w) at the energy e. The quantity E„repre-
sents the maximum excitation energy allowed by
kinematics. The level-density formula used for
states of a given parity was of the form"

p(e, I, v) = 2~(e)p(e, I),
where

p(e I) 8 I /'tet e (/+1) /2c/

and
zl2

&2(~U)

12(2ac)' at

The above form of the level-density formula redu-
ces to the more familiar equation depending on a
single exponential when 2ct » 1. The parameter c
is related to the spin cutoff parameter by the ex-
pression 0 =ct and to the level-density parameter
a by c = (1.44/v )A"'a.

In order to compare the data with Hauser-Fesh-
bach calculations it is necessary to find appropri-
ate values for the level-density parameter a and
pairing energy correction 4, as well as for the
optical-model parameters. The parameter s used
in the calculations for the "0+' B reactions are
listed in Table II. The pairing energy correction
4 is taken from the work of Gilbert and Cameron, ~
and the values of a for "Mg and "Na are those ob-
tained from (p, y) resonances as discussed in Ref.
38. Experimental determinations of a for the nu-
clei "Na, "Al, and "Mg are not available and the
values listed in Table D correspond to a value of
a =A/7. 8, consistent with the extrapolated values
of A/7. 5 (Ref. 32) or A/8 (Ref. 33).

Since we are interested in calculating the Hauser-
Feshbach cross sections for highly excited states
in "Na, and since spin and parity values are only well
established for states below 6 MeV of excitation in
"Na,""we used in the region from 6 to 10 MeV
the excitation energies and J" values (wherever
possible) from Refs. 12-14, and from 10.0 to 13.8
MeV the states observed in the present experi-
ment. In order to include in the Hauser-Feshbach
calculations states with undetermined spin, the
excitation energies for the T =0 positive-parity
states predicted by extensive shell-model calcula-
tions" were matched to our measured excitation
energies. In addition, the known negative-parity
bands" were extrapolated up to high-spin states by
assuming a J(J +1}dependence on the excitation
energy.

With the parameters of Table II, angular distri-
butions for the states observed in "Na were calcu-
lated with Hauser-Feshbach theory. Figure 4
shows the Hauser-Feshbach predictions (solid
lines) compared to the experimental data measured
at an incident energy of 17.7 MeV (c.m. ). The left
side of the figure displays the known and suggested
members of the ground-state rotational band, and
on the right side the members of the K =O', T =0
band are shown together with other states promi-
nently excited. The angular distributions seen in
Fig. 4 for the well-established 3+, 1', 4', and 3'
states at 0.0, 0.58, 0.89, and 1.98 MeV, respec-
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tively, were primarily those used to determine ap-
propriate values of the optical-model and level-
density parameters involved. These values, which
are in good agreement with those obtained from
systematics in this mass region, at the same time
gave good fits to the other angular distributions
seen in Fig. 4 with the exception of those for the 5'
and 6' states of the ground-state band. Fitting the
angular distributions for these two levels would

require unreasonable values for the level-density
parameters and would also destroy the agreement
with the other levels. However, considering that
our experimental angular distributions are not
averaged over bombarding energy, the Hauser-
Feshbach calculations are in excellent agreement
with the data. The largest deviations are for the
1.53-MeV (5') and 3.71-MeV (6') members of the
ground-state rotational band which are overpre-
dicted by a factor of 2. Although this discrepancy
could result from fluctuation effects, it remains
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Feshbach predictions.
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even when comparing the average experimental dif-
ferential cross sections with the Hauser-Feshbach
predictions as will be discussed later.

The fact that the non-energy-averaged angular
distributions are in good agreement with the
Hauser-Feshbach calculations may be a conse-
quence of the strong damping of the fluctuations due
to the entrance channel spin s = 3. The excitation
functions in Fig. 2 fluctuate about the average value
by +40% to 80%, in sharp contrast with what one
sees for the "C("0,o.) reaction where the fluctua-
tions are an order of magnitude larger. ' " Since
the number of effective channels is largest at 90'
(c.m. ), better agreement between the data and the
Hauser-Feshbach calculations is expected at this
angle due to damping of the fluctuations. Figure 10
displays this 90' comparison for some members of
the K = 3' and K = 0' bands. The solid lines join the
Hauser-Feshbach predictions, and there is gener-
ally good agreement with the measured cross sec-
tions.

Another interesting point apparent from Fig. 4 is
that the states at 8.6 MeV (8'), 9.86 MeV (9'),
9.03 MeV (7'), 9.31 MeV (7'), 12.62 MeV (9'), and
13.58 MeV (10') are high-spin states, and that the
spin values suggested here result in calculated
cross sections in reasonable agreement with the
measured values. In order to propose candidates
for the high-spin states in "Na we compared our
average differential cross sections (obtained at 7'
lab and from 40- to 46-MeV bombarding energy)

with the Hauser-Feshbach predictions at the ap-
proximately equivalent center-of -mass angle and
energy of 10' and 17.7 MeV. The results of such
a comparison are shown in Fig. 11. The histo-
grams represent the various measured differential
cross sections, and the dots are the Hauser-Fesh-
bach predictions. Also drawn on the figure are
lines showing the general change in intensity pre-
dicted by Hauser-Feshbach theory for given spin
values as a function of the excitation energy. As
can be seen states with spins less than 5' are ex-
pected to have negligible cross sections above
10 MeV. In order to locate candidates for the
various high-spin states we used this intensity de-
pendence on spin, together with the extensive shell-
model calculations of McGrory. " The shell-model
predictions are in very good agreement with the
energies of the established 3' through 5' members
of the ground-state rotational band. Measurements
with the "C("N, n) reaction have suggested the lo-
cations of the 6' and 7' members of the ground-
state band at 3.708 and 4.522 MeV, "'"respective-
ly, the 8' member of the ground-state band at
8.60 MeV, " and the 5' member of the K =0' band
at 4.708 MeV."'" Comparing our experimental
spectra with the shell-model predictions, " we
generally find only one state close to the expected
energy of each band member with a strength con-
sistent with that predicted by the Hauser-Feshbach
theory. However, the Hauser-Feshbach calcula-
tions do overpredict the cross sections near 7' for
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the 5' and 6' ground-state band members by a fac-
tor of about 3, and the 3', 4', and 7' members by
about a factor of 2, although the agreement for all
these states at 90' is within a factor of 2.

The first 8' state is predicted by the shell mod-
el" to have an excitation energy of 8.15 MeV, and
as can be seen from Fig. 11 the closest state with
the necessary strength isthe one at 8.6 MeV. As-
suming a spin of 8' for this state the Hauser-Fesh-
bach calculations account for 67'fg of the observed
cross section, and thus the present measurements
are consistent with the 8' suggestion of Hallock
etal."for this level.

The first 9' state is predicted to be at 10 MeV by
the shell-model calculations, "and here the situa-
tion is even less ambiguous since the only state
with the required intensity in a region of +—, MeV
of the predicted energy is the one at 9.86 MeV. In
this case the Hauser-Feshbach calculations ac-
count for 75% of the observed strength. Also no-
tice that the largest observed cross section is for
this level in agreement with the Hauser-Feshbach
prediction. Comparing the average observed cross
section at 7' wkh the Hauser-Feshbach predictions
also would permit spin values of 9 or 10' for this
state. However, the angular-distribution data of
Fig. 4 clearly favor a spin of 9'. The experimen-
tal data are consistent with the increase in yield
for angles less than 20' predicted for a 9' state;
in contrast, the angular distributions for 9 or 10
states turn over at 20'. This difference in the be-
havior of natural- and unnatural-parity states from
that normally expected is due to the entrance chan-
nel of 3' which is itself of unnatural parity.

The first 10' state is predicted to lie at an ener-
gy of 13.41 MeV, and we selected the state at
13.58 MeV as the best candidate for this level. The
Hauser-Feshbach calculation is within 55~/() of the
observed strength. State with lower spins would
give still poorer agreement with the observed
cross section. Assuming a spin larger than 10
would be in strong disagreement with the shell-
model calculations as the first 11' state is pre-
dicted at 19.72 MeV."

For the K=O', T =0 band, McGrory's calcula-
tions underpredicted the excitation energies of the
1' to 5' members by 200 keV. However, the
Hauser-Feshbach calculations are in excellent
agreement with the measured cross sections for
these states. The second 7' state is predicted to
be at 8.47 MeV with a third at 8.91 MeV. The cal-
culated and observed cross sections suggest that
these two states are the levels observed at 9.03
and 9.31 MeV, and the lower-lying level was as-
sumed to be the candidate for the 7' member of
the K =0' band. With these assumptions, the
Hauser-Feshbach calculations account for 62/p of

the observed strength of the 9.03-MeV level and
for 75~/() of that for the 9.31-MeV level. A second
9' state is predicted at an energy of 13.09 MeV,
and the observed state at 12.62 MeV is the best
candidate for this level. Here the Hauser-Fesh-
bach prediction accounts for 77@ of the observed
strength. Here again, if the level at 12.46 MeV is
instead assumed to be this 9' state, then the
strength of the 12.62-MeV level requires that it
have higher spin which conflicts with the shell-
model predictions.

This same procedure was used to locate other
predicted positive-parity states. ' An example is
shown for the states at 5.117 MeV (4') and 5.83
MeV (5') which do not have known spine. With
these two exceptions, the spins below 6 MeV in
excitation energy are known from beefs. 10-15.

The known1, 2, and 3 members of the K=1,
T =0 band have measured cross sections in very
good agreement with the Hauser-Feshbach calcula-
tions. The suggested (4 ) (Refs. 15 and 16) state
at 4.466 MeV has a measured cross section a fac-
tor of 2 smaller than that calculated, but in this
case the experimental uncertainty is large since it
was at times difficult to separate the 4.466- and
4.522-MeV levels. In order to follow the rest of
the members of the K=1 band we assumed a
J(J+1) energy dependence separately for the even
or odd members of the band. The suggested band
members are then: 6.25 MeV (5 ), 7.41 MeV (6 ),
10.61 MeV (7 ), and 11.82 MeV (8 ). Also shown
in Fig. 11 are the Hauser-Feshbach predictions
with these assumptions. However, the situation is
more ambiguous for this band and probably other
equally good candidates could be selected, particu-
larly for the 7 and 8 members.

As can be seen from Fig. 11 there are many
strong states which do not fit into any of the dis-
cussed rotational bands. Of particular interest is
the state at 6.58 MeV. In an energy region within
~50 keV of this state there is only one other known
level in "Na, that at 6.55 MeV (1', 2') which ac-
cording to the Hauser-Feshbach calculations should
have a very small yield. The shell-model calcula-
tions predict a close-lying second 6' state at 6.8
MeV. If the state at 6.58 MeV is the expected 6'
level, then the Hauser-Feshbach predictions ac-
count for 50% of the observed strength. On the
other hand, the Hauser-Feshbach calculated cross
section is much larger than that observed for the
(6') state at 3.708 MeV. Another interesting dis-
crepancy between the calculated and observed
cross sections appears for the two lowest 5' states
at 1.528 and 4.708 MeV which are populated with
intensities opposite to that predicted by the Hauser-
Feshbach calculations (see Fig. 11). This discre-
pancy does not appear to be due to a direct compo-
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nent in the reaction mechanism, unless one as-
sumes an improbable destructive interference be-
tween the direct and compound contributions, since
the calculated cross sections for the first 5' and
6' states are larger than the observed values. Al-
though we are comparing the calculations with
average cross sections measured at a single angle
and the uncertainties due to such a comparison
might explain some discrepancies, the over-all
good agreement between the theoretical and ex-
perimental cross sections for the members of the
K=3' and K =0' bands suggests that the discre-
pancies for the 5' and 6' states of the K = 3' band
are significant. However, we do not have a suf.-
ficient explanation for them.

FIG. 12. A plot of the K=3+, T=O; K=0+, T=O; and
K=1, T=O rotational bands in +Na. The dots represent
the experimentally observed states and the crosses are
the result of the extensive shell-model calculations of
McGrory (Ref. 19).

VI. CONCLUSION

The fluctuation analyses and symmetric angular
distributions suggest that the "B("0,n)"Na reac-
tion is proceeding mainly by a statistical com-
pound-nuclear process. The coherence widths for
the compound-nucleus states derived from the fluc-
tuation analyses are also in reasonable agreement
with systematics for the mass and region of exci-
tation energy involved.

The Hauser-Feshbach calculations are in general
agreement with most of the data and suggest that
such calculations are a useful means to select
high-spin states excited in heavy-ion reactions.
Comparing our spectra with such calculations, we
suggest strong candidates for members of the
K=3', T=O andK=O', T =0 rotational bands up
through the 10' and 9' members, respectively.
Members of the K =1, T =0 band up through the
8 state are also suggested.
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